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a  b  s  t  r  a  c  t
Apoptosis  is a  tightly  programmed  cell  suicide  which  occurs  in multiple  physiologic  and
pathological  conditions  where  it plays  an  important  role  in  tissue  development  and  homeo-
stasis by eliminating  unwanted  and damaged  cells.  Appropriate  apoptosis  signalling  is
crucial  in  maintaining  the ﬁne  balance  between  cell  death  and  cell  survival  in cancer.  In
response  to death  stimuli  the  morphology  of the  cell  undergoes  unique  changes.  The  aim  of
this study  was  to  examine  and  compare  the  changes  in the cell surface  morphology  using
scanning  electron  microscopy  in HCS-2  cells,  following  24  hour  treatment  with  components
of highly  active  antiretroviral  therapy  (HAART)  at their  clinical  plasma  concentrations.  The
cells were ﬁxed  in 2.5%  Glutaraldehyde  and post-ﬁxed  in  1% osmium  tetroxide.  The  cells
were  then  dehydrated  through  a graded  series  of  alcohol  and  treated  with  hexamethyl-
disilazane,  then  coated  with  a double  layer  of  carbon.  The  cells  were viewed  under  a  Zeiss
Ultra  FEG  Scanning  Electron  Microscope  and  a one  way  ANOVA  and  Tukey  Kramer  Post  Hoc
test was  conducted  based  on  the scoring  of  surface  morphology  of the cells  using  JMP 11
statistical  software.  The  drugs  used  in this  study  induced  morphological  features  which
are  known  to  be  characteristic  of  apoptotic  cell  death.  The  drug combinations  (ATP and
LPV/r)  were  seemingly  more  effective  than  individual  treatments  in  inducing  cell  death
because  morphological  features  observed  were  more  advanced  than those  observed  in
individual treatments.  However,  LPV/r  was  more  potent  than  ATP.  In conclusion,  HAART
showed anticancer  properties  by inducing  cell  death  through  apoptosis.
©  2016  Saudi  Society  of Microscopes.  Published  by Elsevier  Ltd.  This  is  an open  access
article  under  the  CC BY-NC-ND  license. IntroductionApoptosis is a tightly programmed cell suicide which
ccurs in multiple physiologic and pathological conditions
here it plays an important role in tissue development and
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homeostasis by eliminating unwanted and damaged cells
[1–3]. During apoptosis harmful cells, especially those that
have been genetically altered, are removed, therefore this
process maintains the integrity of the organism [3].
Cancer is a disease which disturbs tissue growth and it is
caused by mutations that favour cell proliferation over cell
death [4,5]. Evasion of apoptosis is the most important hall-
mark of cancer because appropriate apoptosis signalling
is crucial in maintaining the ﬁne balance between cell
death and cell survival [3]. Tumour development requires
defects in the cell cycle which will promote uncontrolled
d. This is an open access article under the CC BY-NC-ND license
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proliferation [3]. On the other hand, cell proliferation is
tightly controlled and has mechanisms that serve to detect
abnormal proliferation by activating signalling pathways
that induce senescence or apoptosis [3].
In order to overcome the protective apoptotic signalling
response, cancer cells have both proliferation-stimulating
mutations and defects in the apoptotic pathway which
work together to deregulate apoptosis [3]. Alternatively
cancer cells cause the signalling of aberrantly activated sur-
vival pathways as a means to evade apoptosis [3]. Overall,
the inhibition of apoptotic signalling provides enhanced
survival capacity to cancer cells and is responsible for their
characteristic uncontrolled proliferation; consequently it
has resulted in the development of many anti-neoplastic
agents which target inducing apoptosis [3].
In response to death stimuli the morphology of the cell
begins to change, and these changes are unique depending
on the type of cell death induced [6]. Scanning Elec-
tron Microscopy (SEM) has played an important role to
date in contributing to the identiﬁcation of a variety
of cell death mechanisms, including necrosis, apoptosis,
autophagy, oncosis and mitotic catastrophe, which are
induced by disease or noxious stimuli (such as heat, radia-
tion, hypoxia, or cytotoxic drugs) [7].
Table 1
Scoring system used in order to analyse surface morphology of the cells.
Surface characteristics Scoring system
Cell connections Relative percentage of long and
thin cytoplasmic projections (e.g.
Filopodia) per cell and
connections between adjacent
cells; 1= ∼0-20% of projections
from the cell surface and there are
less connections to adjacent cells,
2= ∼21-50% of projections from the
cell surface and many of them are
disrupted therefore there are less
connections formed between the
cells, 3= ∼51-100% of projections
from the cells and many cell
connections between adjacent cells
Microvilli density Relative distribution of microvilli
on the cell surface; 1= sparse,
2=medium, 3= dense
Microvilli size Relative length of microvilli on
the cell surface; 1= short, 2=
mixture of short and long
microvilli, 3= long and thin
microvilli
Blebbing density Relative distribution of
blebs/surface protrusions on the
cell surface; 1= none, 2= sparse, 3=
medium, 4= dense
Bleb size Relative size of blebs/surface
protrusions on the cell surface;1=
none, 2=small, 3= medium, 4= large
Cell shape Change in cell shape; 1= round, 2=
oval, 3= ﬂattened
Membrane bound secretions Relative amount of secretions on
the surface of the cell; 1= none, 2=
few, 3= moderate, 4= abundant
Extracellular secretions Relative amount of secretions on
the extracellular space; 1= none,
2= few, 3= moderate, 4= abundant and Ultrastructure 5 (2017) 39–48
The course of cell death through apoptosis is orderly
and it involves a series of characteristic morphological
features including cell shrinkage, membrane blebbing,
nuclear fragmentation and chromatin condensation [2,4,8].
Apoptotic cells detach from their substratum in order
to acquire a rounded morphology and surface microvilli
and cell junctions, for example, desmosomes, are also
lost due to the reorganisation of cytoskeletal structures
[2,7,8].
The aim of this study was  to examine and compare the
changes in the cell surface morphology in HCS-2 cells using
scanning electron microscopy (SEM) following treatment
with components of highly active antiretroviral therapy
(HAART). HAART consists of drugs classiﬁed as Nucleo-
side/Nucleotide Reverse Transcriptase Inhibitors (NRTI),
Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTI)
and Protease Inhibitors (PI) and they are mainly used in
the treatment of HIV [9,10].
2. Materials and methods
2.1. Cell culture
Human Squamous Cell carcinoma from Uterine Cervix,
HCS-2 cell line was  purchased from the Japanese Collec-
tion of Research Bioresources (JCRB) cell bank (National
Institute of Health Sciences, Tokyo, Japan). The cells were
routinely grown as a monolayer in Nunc tissue culture
Table 2
Summary of one way  ANOVA results.
Signiﬁcance P<0.05
Cell contacts <0.0001
Microvilli density <0.0001
Microvilli size <0.0001
Bleb density <0.0012
Bleb size <0.0012
Cell shape <0.0001
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Fig. 1. Changes observed in cell contacts in HCS-2 cells following
treatment with antiretroviral drugs. There was  a signiﬁcant difference
observed between the different groups (p<0.05). Drug treatment dam-
aged and reduced the amount of contacts present; LPV/r resulted in the
most reduction and damage in comparison to controls and other treat-
ment groups. Bar graphs not connected by the same letter are signiﬁcantly
different, Tukey Kramer Post Hoc analysis.
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rade ﬂasks of 25 cm2 or 50 cm2 (Thermo Scientiﬁc, Pitts-
urgh, PA, USA). The cells were maintained in a humidiﬁed
nvironment of 5% CO2 at a temperature of 37 ◦C in
agle’s Minimal Essential Medium (EMEM) (Lonza, Basel,
witzerland) supplemented with 15% foetal calf serum
GIBCO, Darmstadt, Germany). The cells were incubated
or approximately 2 days or until they reached ∼ 60-80%
onﬂuency and were then harvested with 0.1% trypsin and
.02% EDTA and seeded onto coverslips at a cell density of
X105cells/ml, alternatively; the cells were frozen down in
he culture medium supplemented with 5% DMSO (SIGMA,
t Louis, MO,  USA).
ig. 2. The change in cell contacts following drug treatment in HCS-2 cells; (a) Ne
FV.  The arrows show where cell contacts are found represented by long lateral
ith  drug treatment as observed in (b-g) they were reduced and some were dam and Ultrastructure 5 (2017) 39–48 41
2.2. Drug solutions and treatment
The mean steady-state peak plasma concentration
(Cmax) is the most physiologically relevant concentration
for the ARVs because it represents naturally occurring con-
centrations of the drugs following their intake [11–14];
hence it was used to treat the cells for 24 hours. Cmax con-
centrations are as follows for the drugs; Emtricitabine (FTC)
Cmax= 1.8 g/ml [12], Tenofovir Disoproxil Fumarate (TDF)
Cmax= 0.3 g/ml [11], Efavirenz (EFV) Cmax= 4.07 g/ml
[2006], Ritonavir (RTV) Cmax= 2.45 g/ml [14], Lopinavir
(LPV) Cmax= 9.8 g/ml [14], Cocktail 1 (ATP) 1.8 g/ml
gative control, (b) Diluent control, (c) ATP, (d) LPV/r, (e) FTC, (f) TDF, (g)
 protrusions, ﬁlopodia. Extensive cell contacts were characteristic in (a),
aged in varying degrees.
roscopy
LPV/r treated cells, Furthermore TDF and ATP were sig-
niﬁcantly different from EFV and the diluent (Fig. 3). The
results showed that the different drug treatments did not
have a similar effect in altering microvilli density; EFV and
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Fig. 3. Changes observed in microvilli density and size in HCS-2 cells
following treatment with antiretroviral drugs. There was  a signiﬁcant
difference observed between the different groups (p<0.05). Drug treat-
ment reduced the size and density of microvilli although the changes were42 K.R. Xulu, M.J. Hosie / Journal of Mic
FTC + 0.3 g/ml TDF + 4.07 g/ml EFV, Cocktail 2 (LPV/r)
2.45 g/ml RTV + 9.8 g/ml LPV. The drugs were initially
dissolved in 1 ml  of primary diluent; 3600 g/ml FTC and
600 g/ml TDF were dissolved in distilled water whereas
6000 g/ml RTV, 98000 g/ml LPV and 40700 g/ml EFV
were dissolved in methanol (diluents were speciﬁed in
the certiﬁcate of analysis obtained from Toronto Research
Chemicals Inc. for each drug). The drugs were further
diluted in EMEM in order to obtain the desired Cmax con-
centrations as indicated above. The ﬁnal concentration of
methanol in working solution was 0.02%.
2.3. Scanning electron microscopy
Approximately 1X105cells/ml were seeded onto
22X22 mm glass coverslips (Menzel-Gläser, Braunschweig,
Germany) and left overnight in order to attach. They were
then supplemented with more EMEM the following day
and left in the incubator until they reached ∼50% conﬂu-
ency (∼1 day). The media was removed and cells were
rinsed 3X in PBS (pH 7.4) and treated for 24 hours with FTC,
TDF, EFV, ATP and LPV/r. Following drug treatment, the
media containing the drugs were removed and cells were
rinsed in phosphate buffer (pH 7.4). The cells were ﬁxed
for 30 minutes in 2.5% Glutaraldehyde (Agar Scientiﬁc,
Stansted, United Kingdom), rinsed in phosphate buffer
and treated with 1% osmium tetroxide (Agar Scientiﬁc,
Stansted, United Kingdom) for 10 minutes. The cells were
rinsed in dH2O and treated for 5 minutes with 1% Thio-
carbarhydrizide, which acts as a ligand and enhances the
binding of osmium and the conductivity of the sample by
increasing the generation of secondary electrons [15,16],
rinsed in dH2O, then treated with 1% osmium tetroxide for
5 minutes and then rinsed in phosphate buffer (pH 7.4).
The cells were then dehydrated through a graded series
of alcohol; 50%, 70%, 80%, 95% and 3X 100% for 5 minutes
each. Then treated with hexamethyldisilazane (HMDS)
(SIGMA, St Louis, MO,  USA) for 30 seconds and kept in a
desiccator containing silica gel until the samples were
coated. The cells were then coated with a double layer
of carbon by an EMITECH K950X. The cells were viewed
under a Zeiss Ultra FEG Scanning Electron Microscope.
The accelerating voltage used was 1-2kv and the average
working distance used was 2.6 mm.
2.4. Data analysis
A scoring system was established and used in order
to analyse differences in cell contacts, microvilli density
and size, blebbing density and size, and presence of cell
secretions in the cells following drug treatment. The JMP11
software was used in order to conduct the statistical analy-
sis. The micrographs were assessed using a scoring system
(Table 1) prior to the statistical analysis. An F-test was  con-
ducted in order to check for homogeneity of variances, if
variances were unequal the data was transformed using
log base10 [17]. Following which a one way ANOVA test
was conducted in order to determine whether there was a
signiﬁcant difference between the treated cells and con-
trols. A Tukey Kramer Post Hoc test was also conducted
in order to determine where the signiﬁcant differences and Ultrastructure 5 (2017) 39–48
between the means were present. The statistical tests were
carried out independently for every morphological criteria
tested.
3. Results
Drug treatment induced prominent changes in the cell
surface morphology and statistical tests showed that the
changes observed in treated cells were signiﬁcantly differ-
ent from the controls (negative and diluent).
3.1. Cell connections
A one way  ANOVA test showed that there was  a signif-
icant difference in cell contacts (as indicated by the lateral
cytoplasmic protrusions of the cells, ﬁlopodia) between the
different groups (Table 2). A Tukey Kramer Post Hoc analysis
showed that a signiﬁcant difference existed between con-
trols and all treated cells (Fig. 1). The micrographs show
that there were relatively fewer and more damaged cell
contacts in treated cells in comparison to controls. Fur-
ther differences were observed between LPV/r and FTC, TDF
and ATP in that LPV/r treated cells had relatively lesser and
more damaged cell contacts than other treatment groups
(Fig. 2: a-g).
3.2. Microvilli density and size
A one way  ANOVA test showed that there was a sig-
niﬁcant difference in microvilli density and size between
the different groups (Table 2). A Tukey Kramer Post Hoc
analysis for microvilli density showed that a signiﬁcant
difference existed between controls and TDF, ATP andunique to each drug treatment. TDF, ATP and LPV/r treatment showed the
most reduction in microvilli size and density in comparison to controls
and other drug treatments. Bar graphs not connected by the same let-
ter (per characteristic) are signiﬁcantly different, Tukey Kramer Post Hoc
analysis.
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TC treatment showed the least reduction in microvilli
ensity in comparison to the controls whereas ATP, TDF
nd LPV/r treatment resulted in signiﬁcant reduction in
icrovilli density. For microvilli size, a Tukey Kramer Post
oc analysis showed that a signiﬁcant difference existed
etween controls and all the treated cells, thus suggesting
hat treatment with all the ARV drugs signiﬁcantly reduced
icrovilli size. Furthermore TDF, ATP and LPV/r treatment
esulted in more reduction of microvilli size in comparison
o FTC and EFV treatment (Fig. 4: a-g).
ig. 4. The change in density and size of microvilli (mv) following drug treatme
ontrol, (c) ATP, (d) LPV/r, (e) FTC, (f) TDF and (g) EFV. In all the treated cells (b
bserved in (c-f) were shorter in comparison to (a) and those seen in (g) were sli
reatments (c-f). and Ultrastructure 5 (2017) 39–48 43
3.3. Blebbing density and size
A one way  ANOVA test showed that there was  a sig-
niﬁcant difference in blebbing density and size between
the different groups (Table 2). A Tukey Kramer Post Hoc
analysis for bleb density and size showed that there were
fewer blebs in controls in comparison to treated cells, thus
suggesting that high bleb formation was induced by drug
treatment (Fig. 5). The size of the blebs varied between
small, medium and large. ATP, TDF and EFV treated cells
nt (arrows highlight the length of mv); (a) Negative control, (b) Diluent
-g) microvilli density decreased in comparison to (a) and the microvilli
ghtly shorter than those in (a), but longer than those seen in other drug
44 K.R. Xulu, M.J. Hosie / Journal of Microscopy
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Fig. 5. Changes observed in blebbing density and size in HCS-2 cells
following treatment with antiretroviral drugs. There was  a signiﬁcant dif-
ference observed between the different groups (p<0.05). The expression
of  blebs increased with drug treatment, thus controls showed the least
expression of small sized blebs. TDF and ATP treatment resulted in high
bleb density, whereas EFV treatment resulted in large sized blebs in com-
parison to controls and other treatment groups. Bar graphs not connected
by  the same letter (per characteristic) are signiﬁcantly different, Tukey
Kramer Post Hoc analysis.
had the largest blebs, LPV/r and FTC treated cells presented
with mainly small to medium sized blebs (Fig. 6: a-g).
3.4. Cell shape and secretions
A one way ANOVA test showed that there was a signif-
icant difference between the groups in terms of the shape
of the cell (Table 2). A Tukey Kramer Post Hoc analysis
showed that a signiﬁcant difference existed between both
controls and all the treated groups (Fig. 7 & Fig. 8). In gen-
eral, drug treatment altered the shape of the cell in varying
degrees. FTC, TDF and EFV treated cells acquired mostly a
round shape; however, there were a few cells which were
ovoid and some ﬂattened, whereas ATP and LPV/r treated
cells were mostly round in shape (Fig. 9: a-g). Overall, cell
shape changed from ﬂattened and polyhedral in untreated
cells to a transition between ovoid/oval to round in treated
cells. Treated cells were observed to have some membrane
bound secretions on their surface (Fig. 9: a-g: encircled)
and in the extracellular matrix (Fig. 9: arrows), these are
suggested to be released from the apoptotic bodies.
4. Discussion and conclusion
The morphological analysis of the plasma membrane
using the SEM has revealed features which are charac-
teristic of apoptosis; for example rounding-up of cells,
retraction of ﬁlopodia, blebbing and maintenance of
plasma membrane integrity [2,18]. These features are in
contrast to those observed in other forms of cell death,
speciﬁcally necrosis. Necrosis is characterised by morpho-
logical features such as increased cell volume (oncosis) and
plasma membrane rupture [18].
Eukaryotic cells respond to intra and extracellular sig-
nals by remodelling their sub-membranous cytoskeleton
which is reﬂected by changes in the plasma membrane
[19,20]. The cytoskeletal re-arrangements are regulated by
small GTPases belonging to the Rho family and downstream
signalling caspases and they result in the formation of dis-
tinctive types of actin-rich invaginations or protrusions and Ultrastructure 5 (2017) 39–48
including ﬁlopodia, lamellipodia, invadopodia, podosomes,
phagocytic cups, and uropods that have speciﬁc biological
functions [19,20].
Filopodia are thin cytoplasmic protrusions which play a
role in attaching the cells to the growth surface, assisting
in cell migration and are important components of cell to
cell junctions [19,20]. They were the most common type of
protrusion observed in the current study. Untreated cells
presented with numerous ﬁlopodia which were extending
from the cells to form connections with adjacent cells and
to adhere to the substratum, a feature which is commonly
observed in cancer cells due to their high migratory rate
and because the cancer cells are highly active they main-
tain communication with neighbouring cells and therefore
numerous cell contacts are a common feature [19,20].
These features were altered to varying degrees in cells
which were treated with the ARV drugs as they acquired
characteristic features of cell death.
The treated cells displayed loss of cell contacts as indi-
cated by the reduced amount of prominent cell extensions
making contact with adjacent cells and fewer and damaged
ﬁlopodia were observed in the extracellular space. The PI
(LPV/r) drug combination resulted in more damaged cell
contacts than the other drugs. These ﬁndings suggest an
adverse effect of the drug treatments on the cell’s capacity
for invasion, taking into account that metastasis is depend-
ent on the cell’s mobility which is ensured by the actin
content [19,20].
The destruction of actin rich structures such as ﬁlopo-
dia weakens the cancer cells capacity to move, therefore
the effect of the drugs on the HCS-2 cells suggest that they
may  potentially prolong or inhibit onset of metastasis by
reducing cancer cell mobility. The change in cell shape from
polyhedral and ﬂattened in untreated cells to acquiring a
more rounded morphology in treated cells is also an indi-
cation of re-organisation of the cytoskeletal components
[21].
Blebs are bulky, round structures which can extend up
to 2 m from the plasma membrane [19,20]. The life cycle
of blebs lasts for a short period ∼1 min and is characterised
by rapid bleb expansion, a short stationary phase, and low
retraction of the bleb to its point of origin in the plasma
membrane [19,20]. The formation of blebs is induced by
various actions involving local disruption of membrane
actin cortex interactions, which lead to rapid protrusion
of the plasma membrane due to the internal hydrostatic
pressure of the cell [19,20].
Early studies done on plasma membrane blebs have
linked their expression to cell movement, as they were
observed during the spreading of human conjunctiva cells
and ﬁbroblasts [19,20]. In contrast to these observations
plasma membrane blebs were later viewed as a conse-
quence of apoptotic and necrotic processes, in which cells
display prominent blebs that do not play a role in locomo-
tion, although blebbing alone is not a pre-requisite for the
execution of cell death programmes [19,20]. Non-apoptotic
blebs tend to have a reversible nature whereas apoptotic
blebs ultimately lead to the formation of apoptotic bodies
[19,20].
In this study there were a few blebs observed on the
surface of some untreated cells possibly for locomotion, but
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ollowing drug treatment the HCS-2 cells had an increase in
lebs of various sizes across the cell surface. The amount of
lebbing varied in density and size between the treatment
roups and these two parameters (density and size) were
nversely proportional to one another. NRTIs; FTC and TDF,
nduced the formation of small to medium blebs however
TC treatment induced lesser bleb density than TDF treat-
ent suggesting that TDF induced changes quicker or was
ore potent in terms of cell death induction than FTC.
The NNRTI; EFV, was amongst the treatments that
nduced the least amount of bleb occurrence yet the size of
ig. 6. The change in bleb density (B) and size following drug treatment; (a) Nega
FV.  A few small blebs were observed in controls (a-b), drug treatment increase t
o  controls. and Ultrastructure 5 (2017) 39–48 45
the blebs observed following treatment with this drug was
the largest. The ATP combination resulted in evenly dis-
tributed bleb density and medium sized blebs. These effects
were intermediate of those caused by individual drug treat-
ment. The PI combination (LPV/r) showed the least bleb
density and smaller blebs.
When the observation of plasma membrane blebbing
is reconciled with other morphological features observed
in the cells, it is more likely that it resulted from apo-
ptosis induction rather than locomotion. As previously
mentioned that blebbing alone cannot be considered to
tive control, (b) Diluent control, (c) ATP, (d) LPV/r, (e) FTC, (f) TDF and (g)
he amount and size of blebs, as seen in micrographs (c-g), in comparison
roscopy and Ultrastructure 5 (2017) 39–48
0
0.5
1
1.5
2
2.5
3
3.5
Negati ve 
control
Dil uent 
control
FTC TDF EFV AT P LPV/r
C
h
a
n
g
e 
in
 c
el
l 
sh
a
p
e
A
A,B
B,C
B,C
B,C
C C
Fig. 7. Changes observed in cell shape in HCS-2 cells following treatment
with antiretroviral drugs. There was a signiﬁcant difference observed
between the different groups (p<0.05). Negative controls had a ﬂattened
and polyhedral shape; however the shape of the cell acquired a more
rounded morphology following drug treatment. Treatment with ATP and
LPV/r resulted in the most change in cell shape. Bar graphs not connected
Extracellular secretions were the least in FTC and EFV and
were relatively more abundant in TDF, ATP and LPV/r.
0
0.5
1
1.5
2
2.5
3
Negave 
contr ol
Diluent 
contr ol
FTC TDF EFV ATP LPV/r
CE
LL
 S
EC
RE
TI
O
N
S
GROUP
Membrane 
bound 
secr eons
Extracellular 
secr eons
Fig. 8. The presence of membrane bound secretions in HCS-2 cells follow-
ing treatment with antiretroviral drugs. There was a signiﬁcant difference
observed between the different groups (p<0.05). Untreated cells had very
few if any secretions on their surface whereas treated cells had secretions46 K.R. Xulu, M.J. Hosie / Journal of Mic
be indicative of apoptosis; this study showed that there
were other features present which are known to be char-
acteristic of apoptosis, therefore it is suggested that drug
treatment induced some changes in the cytoskeleton that
led to the formation of blebs. This feature was not promi-
nent in untreated cells further supporting the hypothesis
that it is a result of cell death induction, possibly through
apoptosis, and eluding to the fact that drug treatment
induced the change.
Changes in cytoskeletal components are not only
reﬂected by bleb formation but can also be shown by
changes in surface microvilli [7]. In this study drug
treatment with NRTIs; FTC and TDF, NNRTI; EFV, ATP com-
bination;FTC+ TDF+ EFV and PIs; LPV/r, reduced microvilli
density in contrast to the dense cover and long microvilli
observed in untreated cells. FTC and EFV treatment showed
less severe reduction in microvilli density and size than TDF
and ATP and the PI combination; LPV/r showed the most
reduction suggesting that the drugs do not exhibit their
effects at the same pace. These changes concur with pre-
vious studies which suggest that the cytoskeleton, which
forms the core of the microvilli [22], is subject to change in
response to cell death stimuli which in this case were the
ARV drugs.
Another relationship was observed between blebbing
and microvilli density in the plasma membrane. On cell
surfaces where there was a high density of blebs the sur-
face microvilli cover was less dense, and where there was
low to medium density of blebs the surface microvilli cover
was correspondingly denser; in the latter case the blebs
would be interspersed among the microvilli. This obser-
vation could be an indication of the sequence of events
and possibly suggests that loss of microvilli occurs at an
early stage of cell death and precedes bleb formation which
occurs later.
In addition because both these features (blebs and
microvilli) arise from the cytoskeleton, microvilli integrity
would be more dependent on an intact cytoskeleton and
in cases where a cell is undergoing cell death this is more
likely to occur at the initial stages of cell death induction
because as time lapses, the cytoskeleton loses integrity and
so do the microvilli hence they become shorter. Therefore it
is suggested that microvilli gradually decreases in density
and size and make way for bleb formation.
In contrast the blebs are more likely to occur at a later
stage following loss of microvilli because as previous stud-
ies have suggested, the blebs carry degraded products from
within the cell and pinch off to become apoptotic bodies
[7]; hence an inverse relationship exists between these two
morphological features.
At a later stage of apoptosis, the cell condenses and dis-
integrates into apoptotic bodies which will be detected and
removed by macrophages or adjacent cells through phago-
cytosis [4,7]. Transmission electron microscopy studies
have revealed the structure of apoptotic bodies and they are
membrane bound vesicles containing cellular organelles,
part of the cytoplasm and nuclear fragments [7]. Failure
of the apoptotic cell to be phagocytosed as is the case in
isolated conditions like cell culture, results in degradation
which is similar to necrosis and thus cell death is said to be
facilitated via secondary necrosis [8].by the same letter are signiﬁcantly different, Tukey Kramer Post Hoc anal-
ysis.
In this study the drug treated cells were observed to be
releasing some internal cellular secretions into the extra-
cellular space as indicated by cell debri. These secretions
likely represent the end stage of cell death in which the
blebs begin to pinch-off forming apoptotic bodies. These
apoptotic bodies are released from the cell into the extra-
cellular space so that they can be removed via phagocytosis,
as previously mentioned [7].
Due to the absence of phagocytic cells, the apoptotic
bodies were degraded and released their contents, thus
the cell secretions represents their remnants. Some of the
secretions were membrane bound and these were observed
in all the treatment groups although in varying amounts.in  varying amounts with ATP and LPV/r having the most membrane-bound
secretions. In contrast both controls (negative and diluent) and FTC treated
cells had very few if any secretions in the extracellular space and were
hence signiﬁcantly different from ATP, LPV/r and TDF treated cells which
had more secretions in the ECM.
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Fig. 9. cell secretions and change in cell shape following drug treatment; (a) Negative control, (b) Diluent control, (c) ATP, (d) LPV/r, (e) FTC, (f) TDF and
( t memb
i
m
i
t
T
r
s
a
ig)  EFV. Arrows indicate extracellular secretions whereas circles represen
n  (a) to ovoid and/or circular in (b-g).
In conclusion, the ARV drugs used in this study induced
orphological features which are known to be character-
stic of cell death, especially through apoptosis. Although
here were slight differences between the different drugs,
DF seemingly induced morphological changes more
apidly than FTC even though these drugs belong to the
ame class of ARVs, NRTIs. Similarly EFV, like FTC, was
 slower acting drug in terms of inducing morpholog-
cal changes in the cells. The drug combinations wererane-bound secretions. The cell shape changed from ﬂattened polyhedral
seemingly more effective than individual treatments
in inducing cell death because morphological features
observed following 24 hours treatment were relatively
more advanced than in individual treatments, although the
PI combination LPV/r was more potent than the ATP com-
bination in inducing cell death. The dual effect of HAART
against HIV infection and cancer could be beneﬁcial against
cervical cancer which is commonly associated with HIV
infection.
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